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Abstract

High-altitude adaptation is a classic example of natural selection operating on the human genome. Physiological and genetic
adaptations have been documented in populations with a history of living at high altitude. However, the role of epigenetic gene
regulation, including DNA methylation, in high-altitude adaptation is not well understood. We performed an epigenome-wide DNA
methylation association study based on whole blood from 113 Peruvian Quechua with differential lifetime exposures to high altitude
(>2,500) and recruited based on a migrant study design. We identified two significant differentially methylated positions (DMPs) and
62 differentially methylated regions (DMRs) associated with high-altitude developmental and lifelong exposure statuses. DMPs and
DMRs were found in genes associated with hypoxia-inducible factor pathway, red blood cell production, blood pressure, and others.
DMPs and DMRs associated with fractional exhaled nitric oxide also were identified. We found a significant association between
EPAST methylation and EPAST SNP genotypes, suggesting that local genetic variation influences patterns of methylation. Our
findings demonstrate that DNA methylation is associated with early developmental and lifelong high-altitude exposures among
Peruvian Quechua as well as altitude-adaptive phenotypes. Together these findings suggest that epigenetic mechanisms might be
involved in adaptive developmental plasticity to high altitude. Moreover, we show that local genetic variation is associated with DNA
methylation levels, suggesting that methylation associated SNPs could be a potential avenue for research on genetic adaptation to
hypoxia in Andeans.
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Significance

High-altitude adaptation is a fascinating example of the human ability to adapt to marginal environments. The role and
contribution of epigenetic modifications are not well understood in the context of this adaptation. We studied the
potential role of epigenetic modifications in high-altitude adaptation in a group on indigenous Andean Quechua who
are genetically adapted to life at high altitude. We found changes in DNA methylation, an epigenetic modification,
associated with differential exposure to high altitude in genes involved in body’s response to hypoxia. Our findings
suggest that epigenetic modifications might be involved in high-altitude adaptation.
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Introduction

High-altitude regions exceed 2,500 m above sea level, and are
characterized by decreased oxygen availability, high levels of
UV radiation, and low ambient temperatures, making them a
challenging environment for human life (Baker and Little
1976). High-altitude natives including Andeans, Tibetans,
and Ethiopians display unique evolutionary adaptations allow-
ing them to overcome hypoxic stress including population-
specific genetic adaptations (Beall et al. 2010; Bigham et al.
2010; Simonson et al. 2010; Alkorta-Aranburu et al. 2012;
Brutsaert et al. 2019). Among high-altitude adapted popula-
tions, Andeans are one of the most well characterized. They
have inhabited the Andean Altiplano (average elevation of
12,000 ft) for up to 11,000 years, displaying unique physio-
logical adaptations including increased chest circumference,
elevated hemoglobin concentration, elevated arterial oxygen
saturation, and a blunted (low) hypoxic ventilatory response
(Bigham and Lee 2014). Genetic signatures of high-altitude
adaptation have been reported in hypoxia-inducible factor
(HIF) pathway genes that are central to oxygen sensing and
regulation including EGLNT and EPAST (Bigham et al. 2010;
Foll et al. 2014; Eichstaedt et al. 2017; Brutsaert et al. 2019).
Moreover, polymorphisms in EGLNT, the HIF gene, PRKAAT,
and the renin-angiotensin system gene, ACE, have been as-
sociated with altitude-adaptive phenotypes, including the
maximal oxygen uptake (VO,Max) during exercise, birth
weight, and arterial oxygen saturation (Sa0,), respectively
(Bigham et al. 2008, 2014; Brutsaert et al. 2019). Together,
these studies support evolutionary adaptation to high altitude
among Andeans.

In addition to classic evolutionary adaptation, growth and
development at high altitude contribute to altitude-adaptive
traits among Andeans through the process of developmental
adaptation. The term “developmental adaptation,” which
also can be understood as adaptive developmental plasticity
or irreversible adaptive plasticity (Storz and Scott 2019), was
coined by Dr Roberto Frisancho to describe how exposure to
high altitude during growth and development affected lung
volume in Andeans (Frisancho 1970, 1977). Here, we use the
term developmental adaptation throughout to refer to the
process of adaptive developmental plasticity in Andeans. It is
based on the hypothesis that adult phenotypes are affected
by the environment during the developmental phase of early
life (Frisancho et al. 1973, 1997; Brutsaert 2001). Importantly,
adaptive developmental plasticity (Lafuente and Beldade
2019), or developmental adaptation, is distinct from immedi-
ate physiological plasticity, or acclimatization, to high altitude
wherein sojourners to altitude experience physiological
changes over days to weeks to overcome transient low-
oxygen exposure. Acclimatization is reversible upon return
to low altitude whereas developmental adaptation is not.

There are several examples of Andean high-altitude adap-
tive phenotypes where developmental adaptation plays a key

role in the manifestation of the adult phenotype. Lifelong
Andean residents of high altitude display greater lung vol-
umes than lifelong sea-level residents of Andean ancestry
(Frisancho et al. 1997; Kiyamu et al. 2012). Peruvian
Quechua born and raised at altitude display higher SaO, dur-
ing exercise compared with Peruvian Quechua born and
raised at sea level, but tested in altitude conditions (Bigham
et al. 2008; Kiyamu, Ledn-Velarde, et al. 2015). Peruvian
Quechua residents of sea level with full developmental expo-
sure to high altitude display significantly higher submaximal
oxygen uptake (VOypea) in simulated hypoxic conditions com-
pared with low-altitude-born Peruvian Quechua (Kiyamu,
Elias, et al. 2015). These studies support the idea that growth
and developmental at high altitude play a pivotal role in
Andean altitude-adaptive phenotypes specifically through
the process of developmental adaptation. It is important to
note that developmental adaptation among Andeans has a
genetic component, but needs the environmental stimulus for
the manifestation of the trait. This is illustrated by SaO,.
Peruvian Quechua born and raised at altitude display higher
Sa0, during exercise than Europeans who are born and raised
at high altitude, and those same Europeans have similar SaO,
to European newcomers who are acclimatized to high altitude
(Brutsaert et al. 2000).

The molecular mechanism underlying the environmental
aspect of developmental adaptation to high altitude has not
been identified. One possible means by which the environ-
ment can influence individual traits is through epigenetic
modifications that change the expression of DNA (Frisancho
2009; Szyf and Bick 2013; Maccari et al. 2014; Julian 2017,
Childebayeva et al. 2019). Epigenetics is the study of mitoti-
cally heritable and stable modifications to the DNA that do
not involve changes to the nucleotide sequence. The most
well-studied epigenetic mark is DNA methylation, which
results from the addition of a methyl group to the cytosine
in cytosine-guanine dinucleotides.

Early development is considered a critical window for epi-
genetic plasticity. Shortly after fertilization and before preim-
plantation, DNA methylation undergoes reprogramming
wherein the maternal and paternal genomes are demethy-
lated and a fetal methylome is established (Deng et al. 2009;
Messerschmidt et al. 2014). During this critical window, DNA
methylation is liable and sensitive to environmental exposures
(Weaver et al. 2004; Dolinoy, Huang, et al. 2007; Nagy and
Turecki 2012). DNA methylation patterns established prena-
tally as well as early in the postnatal period are associated with
methylation patterns later in life (Dolinoy, Weidman, et al.
2007; Heijmans et al. 2008; Non et al. 2016), and thus may
be involved in the organism’s phenotypic response to their
environment. This phenomenon is known as the predictive-
adaptive response (Gluckman and Hanson 2004; Jablonka
and Raz 2009; Kuzawa and Thayer 2011), and it occurs
when the parental environment during prenatal development
as well as early peri/postnatal exposures can be used by the
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individual to “prepare” for future environmental conditions.
Furthermore, epigenetic variation has been thought to con-
tribute to the ability of an organism to adapt to a new envi-
ronment when genetic variation is limited. In this case,
epigenetic changes can potentially act as mechanisms of phe-
notypic plasticity (Jablonka 2013).

Several studies have shown that DNA methylation differ-
ences are associated with hypoxia exposure in various popu-
lations. First, our previous work (Childebayeva et al. 2019)
demonstrated that Quechua individuals born and raised at
low versus high altitude have significant differences in DNA
methylation of the repetitive element LINET and the gene
EPAST, a well-known high-altitude adaptive gene that has
been shown to be under genetic selection in Tibetans (Beall
et al. 2010; Yi et al. 2010) and Andeans (Foll et al. 2014;
Eichstaedt et al. 2017). Second, genome-wide DNA methyla-
tion differences in peripheral blood mononuclear cells have
been identified between offspring of mothers with and with-
out hypertensive pregnancy at altitude in La Paz, Bolivia (Julian
et al. 2015). Third, males presenting with excessive erythro-
cytosis, a preclinical form of chronic mountain sickness, ex-
hibit epigenetic differences compared with healthy matched
controls (Julian 2017). Despite these advances in our under-
standing of epigenetic changes associated with high-altitude
exposure, genome-wide DNA methylation patterns have not
been studied in healthy Andeans to characterize the role of
epigenetic change in altitude adaptation for this population.

Here, we hypothesized that early developmental exposure
to high-altitude hypoxia in Andeans will be associated with
differences in DNA methylation that could contribute to their
pattern of adaptive developmental plasticity. We analyzed
genome-wide DNA methylation signatures among 113
Peruvian Quechua who were recruited based on a migrant
study design. This migrant study design, wherein individuals
from the same population differ based on their early devel-
opmental and lifelong exposure to high altitude, allowed us to
explore the potential influence of differential exposure to
high-altitude hypoxia on the epigenome of Andean
Quechua while controlling for underlying genetic effects on
DNA methylation patterns.

Results

Study Design and Participant Characteristics

Andean Quechua are genetically and physiologically adapted
to high altitude (Bigham et al. 2010; Kiyamu, Ledn-Velarde,
et al. 2015), including the individuals in our study group
(Brutsaert et al. 2019). We used a migrant study design
wherein three groups of Andean Quechua participants with
different lifetime and developmental exposures to high alti-
tude were recruited. They included: 1) high-altitude Quechua
(HAQ)—highland individuals with lifetime exposure to high
altitude who were born, raised, and resided at high altitude

(n=301). HAQ were recruited in the city of Cerro de Pasco,
Peru (4,300 m); 2) migrant Quechua (MQ)—individuals with
variable lifetime exposure to high altitude who were born in
highland Peru (>3,000 m) and moved to low-altitude Lima,
Peru (150m) during their lifetime (n=152). MQ were
recruited in the city of Lima, Peru (150m); and 3) low-
altitude Quechua (LAQ)—individuals with no lifetime expo-
sure to high altitude who were born and raised in Lima,
Peru, but their parents and both sets of grandparents were
of highland Quechua ancestry (n=150). LAQ also were
recruited in Lima, Peru (fig. 1A and B). All participants were
healthy males and females between the ages of 18 and
35 years whose parents and grandparents were of high-
altitude origin, that is, they were born and raised at high al-
titude. We conducted a genome-wide principal component
analysis (PCA) of genetic polymorphisms in the three groups
comparing them with three world-wide populations from the
1000 Genomes Project including 90 East Asians, 60 Centre de
Polymorphism Humain (CEPH) Europeans, and 60 Yorubans.
We used microarray genotype data generated using the
Affymetrix (Santa Clara, CA) Axiom Biobanking array that
includes _600,000 markers. The PCA was performed on
328,260 autosomal SNPs with genotyping rates >95%,
MAF > 0.0001, that passed Affy QC, and that were not in
strong linkage disequilibrium (R? < 0.8). The PCA demon-
strated that three groups form a population cluster based
on their genetic variation (supplementary fig. 1,
Supplementary Material online).

The three study groups differ by: 1) prenatal and early
postnatal exposure to hypoxia, what we call here develop-
mental exposure, 2) lifelong high-altitude exposure, and 3)
high-altitude acclimatization status. HAQ had full develop-
mental exposure and were fully acclimatized to high altitude.
MQ were developmentally exposed to hypoxia, but were not
acclimatized to high altitude as residents of low altitude. MQ
study participants varied in their degree of postnatal exposure
to altitude depending on the age of down-migration to low
altitude (on an average, 14.30 * 6.62 years). LAQ had no de-
velopmental exposure to hypoxia and were not acclimatized
to high altitude. These differences allowed us to identify DNA
methylation differences associated with exposure to high-
altitude hypoxia at different timepoints: early developmental
exposure versus no exposure (prenatal and perinatal expo-
sure) (LAQ vs. MQ comparison), lifelong exposure versus no
exposure (LAQ vs. HAQ comparison), and lifelong high-
exposure versus developmental exposure (HAQ vs. MQ).
(See fig. 1B for a summary of the high-altitude exposure dif-
ferences among the three groups.) It is important to note that
the participants in this study are genetically undifferentiated
(supplementary fig. 1, Supplementary Material online), and
thus methylation differences observed between the groups
are not expected to reflect underlying genetic variation.

We randomly selected a subset of participants (n=113
from 603 total) from each group (HAQ =38, MQ =39, and
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Fic. 1.—Study design. (A) Map of Peru depicting high-altitude, Cerro de Pasco (4,300 m), and low-altitude, Lima (150 m), participant recruitment
locations. (B) Genome-wide DNA methylation was determined in 113 Peruvian Quechua with differential exposures to high-altitude hypoxia over their
lifetime. High-altitude Quechua (HAQ) were born, raised, and reside in or near Cerro de Pasco, Peru, Migrant Quechua (MQ) were born and raised at high
altitude (>3,000 m), but moved to low altitude Lima (0 m) during lifetime, and low-altitude Quechua (LAQ) were born, raised, and reside at sea level in Lima,

Peru. Number of participants analyzed with the EPIC chip is denoted in the parentheses.

Table 1
Participant Characteristics

Variable All (n=113) Low-altitude Quechua Migrant Quechua High-altitude Quechua
(LAQ, n=36) (MQ, n=39) (HAQ, n=38)
% Female 50.44 52.78 46.15 52.63
Age (years) 24.38+4.76 23.78 £ 4.25 25.23+5.44 24.08 = 4.46
Age migration (years) NA NA 14.30 = 6.62 NA
Height (cm)* 158.91+7.84 162.38+7.16 158.08 = 7.29 156.47 + 8.02
Weight (kg)** 63.51+ 10.28 67.73 £ 11.51 63.25+ 10.40 59.79+7.23
BMI 25.13+£3.52 25.61+ 3.60 25.28 +3.73 24.51+3.21
WBLL (ug/dl)*** 3.08 +1.83 2.11+0.67 1.99x0.61 491+1.72
FeNO (ppb)*** 18.79 = 12.55 20.83 = 10.09 22.84 + 15.27 17.60 = 9.25
Hemoglobin (g/dl)*** 15.04 = 2.35 13.71£1.49 13.88 = 1.50 1749+ 1.72
FVC (1) 444 (4.31, 4.57) 4,08 (3.88, 4.28) 4.37 (4.25, 4.49) 4.66 (4.45, 4.87)
Sa0, (%) 89.42+3.12 89.62£3.13 89.88 + 3.21 89.08 £ 2.97

Note.—Data are means =+ SD, 95% confidence intervals (Cl) are in brackets. NA, not applicable; WBLL, whole blood lead level; BMI, body mass index; FeNO, fractional exhaled
nitric oxide; FVC, forced vital capacity; SaO,, arterial oxygen saturation measured at rest at altitude (HAQ) or simulated altitude conditions (LAQ and MQ).

®FVC mean adjusted for height using the ggeffects package in R (Ludecke 2018).

*P < 0.05 for LAQ versus MQ and LAQ versus HAQ based on t-test; **P < 0.05 between LAQ versus HAQ; ***P < 0.05 for LAQ versus HAQ and MQ versus HAQ.

LAQ=36) for genome-wide DNA methylation analysis.
Participant characteristics are provided in table 1. Consistent
with previous research, the three study groups were signifi-
cantly different (P< 0.05) by height, weight, fractional con-
centration of exhaled nitric oxide (FeNO), and hemoglobin
(Hb) concentration. FeNO is a marker of respiratory nitric ox-
ide (NO) synthesis. NO is a potent vasodilator whose levels
decrease in hypoxic conditions given oxygen is essential for its
production (Le Cras and McMurtry 2001). Body mass index
(BMI), sex, age, forced vital capacity (FVC), and arterial oxygen
saturation (Sa0,) at rest measured at altitude (HAQ) or in
simulated altitude conditions (LAQ and MQ) were not

significantly different between the groups. Average age of
down-migration for MQ was 14.30 + 6.62 years of age.
HAQ were recruited in Cerro de Pasco, a major mining center
of Peru with high levels of inorganic lead in the soil as well as
high whole-blood lead levels (WBLL) reported among women
and children living there (Conklin et al. 2008; van Geen et al.
2012). Individuals recruited in Cerro de Pasco (HAQ) had sig-
nificantly higher WBLLs (4.91 = 1.72 ng/dl) compared with
the individuals recruited in Lima (LAQ [2.11 % 0.67 pg/dl]
and MQ [1.99+ 0.61pg/dl]) (=3.05, P value <2e-16)
(table 1). We corrected for WBLLs in all statistical models to
adjust for the effect of inorganic lead on DNA methylation,
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given evidence for the effect of this heavy metal on DNA
methylation (Goodrich et al. 2016).

We generated DNA methylation data for _850,000 CpG
sites using the lllumina (San Diego, CA) Infinium
MethylationEPIC BeadChip assay. After quality control filter-
ing of the probes, we analyzed 759,154 CpG sites for meth-
ylation differences between study groups (fig. 2). To identify
methylation differences associated with lifelong exposure to
high altitude, we compared LAQ with HAQ. To identify meth-
ylation differences associated with early developmental expo-
sure, we compared LAQ with MQ as well as HAQ to MQ. For
all comparisons, we used the following linear model in limma:
DNA methylation ~ Group + Sex + Age + Lead levels 4 PC1
(blood cell types) + chip batch.

Differentially Methylated Positions and Regions Associated
with Lifelong High-Altitude Exposure

We identified one significantly hypermethylated differentially
methylated position (DMP), cg02269207, at g value <0.05
and genome-wide inflation factor A = 1.23 between LAQ and
HAQ, after correcting for multiple comparisons. This DMP was
located in intron 1 of the gene CCDC64/BICDL1 (table 2 and

cg11428724, CCDCH4BICOLT (LAQ vs HAQ)
.

cg02269207, PAXT (LAQ vs MQ)
v

~logao(p)

1 2 3 4 5 6 7 8 9 1 13 15 17 20

Chromosome

Fic. 2—Manhattan plot of DMPs. Both LAQ versus MQ and LAQ
versus HAQ analyses plotted here. The —log10(P value) is shown on the y
axis for each CpG site according to its genomic location as indicated on the
x axis. The two significant DMPs are marked by their CpG site probe ID and
their gene IDs. The dotted black line indicates P value <5 x 107> and the
solid black line indicates the P value <5 x 1075,

fig. 2). Differentially methylated regions (DMRs) can be con-
sidered more representative of biologically relevant epigenetic
changes than single methylation sites (i.e., DMPs), given they
reflect several CpG sites in close proximity changing in the
same direction. Moreover, CpG islands potentially have more
biological relevance than individual sites, since they are com-
monly associated with promoter regions, and thus can have a
direct influence on gene expression (Saxonov et al. 2006).
Therefore, we determined DMRs using comb-p (Pedersen
et al. 2012). We identified 26 significant DMRs after Sidak’s
correction for multiple testing between LAQ and HAQ (sup-
plementary table 1, Supplementary Material online). These
included DMRs in genes involved in anaerobic glycolysis
(LDHC) (Goldberg et al. 2010; Odet et al. 2013), hematopoi-
esis (MEIS) (Simsek et al. 2010; Unnisa et al. 2012), and the
remethylation pathway (BHMT) (Blaise et al. 2005).

Differentially Methylated Positions and Regions Associated
with Early Developmental High-Altitude Exposure

We identified a significantly hypermethylated DMP,
€g11428724, at q value <0.05 and genome-wide inflation
factor A=1.10 between LAQ and MQ (table 2 and fig. 2)
located in a CpG island found in exon 1 of the gene PAX7.
We also identified 36 significant DMRs between LAQ and MQ
(supplementary table 2, Supplementary Material online).
These included DMRs in genes encoding antioxidant enzymes
(SOD3), genes associated with blood pressure (EPHAS,
GPR35) (Min et al. 2010; Mackenzie et al. 2011; Kim et al.
2017; Divorty et al. 2018), and high-altitude pulmonary
edema (MACROD?2) (Li et al. 2017), as well as HIF pathway
target genes (SLC7A6, PKLR) (Benita et al. 2009). Seven sig-
nificant DMRs overlapped between the LAQ versus MQ and
LAQ versus HAQ analyses. These DMRs showed increased
methylation in MQ or HAQ compared with LAQ. No statisti-
cally significant DMPs were identified between MQ and HAQ
(data not shown). Therefore, we did not look for significant
DMRs between these two groups. To test for significant asso-
ciations between years lived at high altitude and DNA meth-
ylation, we tested for an association between genome-wide
DNA methylation and the number of years an individual lived
at high altitude, accounting for Group, Sex, Age, Lead levels,
PC1 (blood cell types), and chip batch. No significant

Table 2

Statistically Significant DMPs Identified by EWAS

Study Group CpG Site Gene Position (HG19) Relation Gene Region 450K PValue® g Value % A
Comparison to Island® Feature® Enhancer (High-Low)
LAQvs. MQ 911428724 PAX7 chr1:18957632 Island 5-UTR/1st exon TRUE 8.77E-09  6.66E-03 4.02
LAQ vs. HAQ ¢g02269207 CCDC64/BICDL1  chr12:120433323  OpenSea Body of gene — 5.89E-08 4.47E-02 5.94

Note.—TSS, transcription start site.
®Based on annotation from lllumina.

bGenome-wide inflation factor /= 1.1 for the altitude of birth and 1.23 for the altitude of recruitment.
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Fic. 3.—SOD3 DMR. (4) The SOD3 DMR between LAQ and MQ. Percent DNA methylation is represented on the x axis for each CpG site. Genetic
coordinates for chromosome 4 shown on the y axis correspond to hg19 build. The SOD3 DMR (green box) between MQ+HAQ (blue line) and LAQ (orange
line) is composed of four significant CpG sites marked with an *. The DMR lies just upstream of the SOD3 promotor indicated by the pink arrow. (B) Boxplot
of SOD3 methylation by altitude of birth for each CpG position included in the DMR. CpG sites 1 through 4 are shown across the top. DNA methylation level
is shown on the y axis. Significance levels between the study group comparisons are shown for each CpG site separately. LAQ, low-altitude Quechua; MQ,
migrant Quechua; HAQ, high-altitude Quechua; NS, not significant; **P value <0.01; ***P value <0.001.

associations were identified (supplementary table 3,
Supplementary Material online).

Given SOD3's role in the hypoxia response, we validated
this DMR in a larger cohort of Peruvian Quechua (n =498,
where HAQ = 240, MQ = 124, and LAQ = 134). SOD3 enc-
odes the superoxide dismutase-3 enzyme that converts reac-
tive oxygen species (ROS) superoxide anion O, to H,0, and
0,, and is a major extracellular scavenger of superoxide anion
O, (Zelko et al. 2002; Suliman et al. 2004). The DMR is com-
posed of four CpG sites located just upstream of the SOD3
promoter region (fig. 3A). We targeted four CpG sites
(cg03063309, cg16037589, ¢g17923553, cg11372436)
that were identified in our differential methylation analysis
using gquantitative pyrosequencing. Based on the pyrose-
quencing results, SOD3 methylation was significantly in-
creased in MQ compared with LAQ (=1.17, P=0.04,
fig. 3B), replicating the results of our epigenome-wide asso-
ciation study (EWAS) analysis. Furthermore, SOD3 methyla-
tion was significantly increased in HAQ compared with LAQ
(f=1.76, P value <0.01), which we did not observe in our
EWAS of lifelong high-altitude exposure. This is most likely the
result of having increased statistical power to detect small
differences in a sample of n=374 individuals compared
with n=74. MQ and HAQ were not significantly different.

DMPs Associated with Altitude-Adaptive Phenotypes

To explore the impact of DNA methylation on altitude-
adaptive phenotypes, we performed associations between

genome-wide DNA methylation levels and FeNO, Hb, BMI,
FVC, and Sa0, at rest. We chose these phenotypes because
of known associations with high-altitude exposure and high-
altitude adaptation (Brutsaert et al. 1999; Beall et al. 2001).
We found 40 significant DMPs associated with FeNO (supple-
mentary table 4, Supplementary Material online). Significant
DMPs include ROBO2 involved in cardiomyocyte reoxygena-
tion (Li et al. 2014) and P4HAT upregulated by HIF-1a in
breast tumors (Gilkes et al. 2013; Gilkes and Semenza
2013). We identified six DMRs associated with FeNO (supple-
mentary table 5, Supplementary Material online). Genes in
two of these DMRs, LOXL3 and P4HAT1, have been shown
to be hypoxia-inducible (Gilkes et al. 2013; Xie et al. 2017),
and a third linked to RUNXT has been shown to affect hema-
topoiesis (North et al. 2002; Growney et al. 2005; Friedman
2009). Importantly, FeNO is known to regulate hematopoiesis
(Michurina et al. 2004). None of the DMP/DMRs associated
with FeNO overlapped with the DMPs/DMRs associated with
study group. Additionally, no significant associations were
found between other phenotypes and DNA methylation
(data not shown).

Associations between DNA Methylation and Genome-
Wide Polymorphisms

Genetic variation is known to influence DNA methylation
patterns (Zhang et al. 2010; Bell et al. 2011). Furthermore,
local SNP variation has been shown to be associated with
nearby DNA methylation variation (Bell et al. 2011). To better
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Fic. 4—GWAS with EPAST methylation. (A) Manhattan plot of GWAS results testing for the effect of SNP genotype on EPAST methylation. Models
were adjusted for age and sex. The two significant SNPs after correcting for multiple tests are indicated by their doSNP IDs. Both significant SNPs are located
EPAST intron 1. Boxplots of EPAST methylation by SNP genotype for the two, significant SNPs, (A) EPAST rs7579899 and (B) EPAST rs2044456. ***P value

<0.001; **P value <0.01; *P value <0.05.

characterize the influence of SNP variation on DNA methyla-
tion, we determined associations between genome-wide
SNPs and DNA methylation levels of two genes, SOD3 and
EPAST, for which we had targeted pyrosequencing data. We
chose SOD3 given our present EWAS finding that MQ had
significantly higher methylation at this locus compared with
LAQ. Pyrosequencing data for this locus were generated as
part of the current study. We selected EPAST based on three
factors: 1. EPAST plays an essential role in the response to
hypoxia. 2. It is a well-known high-altitude adaptive gene, and
it has been shown to be under selection in Tibetans (Beall
et al. 2010; Yi et al. 2010) and Andeans (Foll et al. 2014;
Eichstaedt et al. 2017). Among Andeans, EPAST has been
identified as a candidate locus for altitude adaptation among
Aymara and Quechua speakers from Bolivia and Peru, respec-
tively (Foll et al. 2014), and a novel EPAST SNP has been
shown to be under early-stage selection among Argentine
Collas (Eichstaedt et al. 2017). 3. In a previous study using
the same study participants analyzed here, we demonstrated
that EPAST methylation levels significantly differed between
HAQ and LAQ (Childebayeva et al. 2019). EPAST pyrose-
guencing data analyzed here were generated for
Childebayeva et al. (2019).

Autosomal SNP genotype data were generated using the
Affymetrix (Santa Clara, CA) Axiom Biobanking Array for 460
Peruvian Quechua individuals from our cohort. SNPs that
passed QC filters, including Affymetrix best practices

thresholds, call rates >95%, and a minor allele frequency
>0.01 were included in our analysis (n=260,289 SNPs).
We performed separate genome-wide association studies
(GWAS) for EPAST and SOD3. Our models were adjusted
for age and sex and corrected for multiple tests using the
Benjamini—Hochberg correction. We identified two significant
SNPs (g value <0.05, genome-wide inflation factor A1=1),
rs7579899 and rs2044456, that were associated with
EPAST methylation (fig. 4A). Both SNPs reside in EPAST intron
1 located downstream (10-20 kilobases) from the EPAST
methylation locus assayed by pyrosequencing. For both
EPAST SNPs, the minor allele (rs7579899(A < G) and
rs2044456(G < A)) was associated with lower EPAST methyl-
ation (table 3; fig. 4B and C). The effect size of EPAST SNPs
rs7579899 (= —1.27, P value <0.005; altitude of recruit-
ment: f = —0.63, Pvalue <0.05) and rs2044456 (= —1.19,
P value <0.005; altitude of recruitment: f=—0.65, P value
<0.05) on EPAST methylation was greater than the effect size
of altitude group. The allele frequencies of these two SNPs
were not significantly different between the three altitude
exposure groups (rs7579899 MAF LAQ=0.30, MQ =0.25,
and HAQ =0.28, rs2044456 MAF LAQ=0.25, MQ=0.22,
and HAQ =0.23). According to Ensembl (Yates et al. 2020),
rs7579899 and rs2044456 EPAST SNPs are not enriched var-
iants among Peruvians from Lima (table 3) nor are they in LD
with SNP rs570553380 reported to be under early-stage se-
lection in Andean Collas (Eichstaedt et al. 2017). No
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statistically significant SNPs were identified for SOD3 (ge-
nome-wide inflation factor 4 = 1) (table 3). However, of inter-
est, the second most significant SNP in this analysis resided
145 kb upstream of the SOD3 gene.

Accelerated Epigenetic Aging at High Altitude

The epigenome ages across an individual's lifespan in a pro-
cess known as epigenetic aging. An individual’s epigenetic
age, estimated by an epigenetic clock algorithm based on
DNA methylation data, can serve as a marker of the

20 ’
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i
]

LAQ MQ HAQ

A DNAmAge

Fic. 5.—Boxplot of ADNAmMAge by group. ADNAmAge (difference
between epigenetic age and calendar age) is shown across the three study
groups where LAQ, low-altitude Quechua, MQ, migrant Quechua, and
HAQ, high-altitude Quechua. HAQ have significantly higher Aage
(B =2.43, Pvalue =0.005) compared with LAQ when adjusted for chro-
nological age, sex, batch, and the first principal component of blood cell
types. **P value <0.01; +P value <0.10; NS P value >0.10.

epigenetic maintenance system as well as of premature bio-
logical ageing. To establish how high altitude is associated
with the epigenetic clock, we estimated epigenetic age using
the bioinformatic method developed by Horvath (Horvath
2013). We determined the degree of epigenetic aging
(ADNAmMAge) as the difference between Horvath epigenetic
age and chronological age. ADNAmMAge was significantly
higher in HAQ individuals compared with LAQ (f=2.43,
P=0.005, fig. 5) and approached significance in HAQ com-
pared with MQ (8=1.39, P=0.10). LAQ and MQ
ADNAmMAge were not significant.

Discussion

The role of epigenetic change, including DNA methylation, in
high-altitude adaptation is not well characterized. We per-
formed an EWAS in a cohort of Andean Quechua with dif-
ferential exposure to high-altitude hypoxia. We identified:
1) DMPs and DMRs associated with lifelong high-altitude ex-
posure, 2) DMPs and DMRs associated with early develop-
mental high-altitude exposure, 3) DMPs associated with
altitude-adaptive phenotypes, and 4) associations between
genetic variation and local DNA methylation. Our results are
the first to demonstrate genome-wide DNA methylation dif-
ferences associated with differential high-altitude exposure
among Andeans. These findings further support the notion
that epigenetics may play a role in adaptive plasticity as a
potential mediator of proximal environmental effects on the
body (Jablonka and Lamb 2006). Furthermore, they support
the notion that early developmental exposures can have a
persistent impact on DNA methylation patterns, and add to
the growing field of developmental origins of health and dis-
ease (DoHAD) (Waterland and Michels 2007; Kubota et al.
2015).

We identified one significant CpG site and 26 significant
DMRs associated with lifelong exposure to high altitude (LAQ
vs. HAQ). The DMP was located in the coiled-coil domain
containing 64 (CCDC64) gene, also known as BICD family-
like cargo adaptor 1, involved in neuronal development by
regulating the transport of secretory vesicles. CCDC64 was

Table 3
GWAS Results for EPAST and SOD3
SNP Location Nearest Type MA MAF 1KG®* AMR? EUR® EAS® AFR® n peffecton DNA PValue gq Value
(hg19) Genes Methylation
GWAS with EPAST (A=1)
rs7579899 2:46537604 EPAST  Intronic A 028 057 037 038 0.81 066 454 -1.269 2.71E-09 0.0007
rs2044456 2:46546316 EPAST  Intronic G 023 028 027 03 0.56 0.06 454 —1.186 2.42E-07 0.0315
GWAS with SOD3 (#.=1)
rs10480851 7:134285060 — Intergenic G 0.01 0.15 0.05 0.03 0.02 043 460 —7.875 5.70E-07 0.1484
rs10939004 4:24652142  SOD3 Intergenic C 034 021 025 007 0.11 042 459 —1.486 2.06E-06 0.1911

Note.—MA, minor allele; MAF, minor allele frequency; 1KG, 1,000 genomes; AMR, American; EUR, European; EAS, East Asian; AFR, African.

2Ensembl 1,000 genomes and gnomAD allele frequencies.
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identified as a candidate for genetic adaptation to high alti-
tude among Tibetans (Simonson et al. 2010) and has been
proposed to be under convergent adaptation to high altitude
in Asia and South America (Foll et al. 2014). Among the 26
significant DMRs, MEIS, BHMT, and LHDC are potentially as-
sociated with high-altitude adaptation. Myeloid ecotropic viral
integration site 1 (MEIST) plays an important role in hemato-
poiesis, and is involved in the oxidant defense of hematopoi-
etic stem cells (Kocabas et al. 2012). In mice, Meis1 regulates
Hif-1a transcription, and its loss is associated with downregu-
lation of Hif-1a and Hif-2a in hematopoietic stem cells (Simsek
et al. 2010). Betaine-homocysteine S-methyltransferase
(BHMT) is involved in the remethylation pathway of homocys-
teine into methionine, and has been implicated in cardiovas-
cular disease (Weisberg et al. 2003). Lactate dehydrogenase C
(LDHC) is a testis-specific glycolytic enzyme involved in anaer-
obic glycolysis (Goldberg et al. 2010; Odet et al. 2013).
Changes to glucose metabolism genes are of interest in stud-
ies of high-altitude adaptation, and a shift from fatty acid
oxidation to glucose oxidation and glycolysis has been pro-
posed to be an adaptive mechanism at high altitude (Ge et al.
2012). This finding further supports the notion that glucose
metabolism alterations may play a role in high-altitude adap-
tation, and supports the interpretation that LDHC DNA meth-
ylation is reprogrammed in the testis later in life.

We identified a single significant DMP and 36 significant
DMRs associated with developmental exposure to high alti-
tude (LAQ vs. MQ). The DMP was located in the gene PAX7
involved in skeletal development (Schafer et al. 1994; Relaix
et al. 2006). Among high-altitude native populations, changes
to skeletal muscle have been shown including decreased lev-
els of muscular damage from ROS, lower intracellular lipid
composition, and higher counts of type | fibers, as well as
higher myoglobin levels (Hoppeler and Vogt 2001; Gelfi
et al. 2004). Each of these changes suggests an adaptive re-
sponse to low-oxygen conditions. Of the 36 DMRs, PKLR and
SOD?3 are potentially involved in developmental high-altitude
adaptation. Pyruvate kinase L/R (PKLR) encodes R/L-type py-
ruvate kinase involved in red blood cell production and main-
tenance. It is under selection in Tibetans and high-altitude
Mongolians (Yi et al. 2010; Xing et al. 2013; Wuren et al.
2014), has been associated with hereditary hemolytic anemia
(Kanno et al. 1992; Huang et al. 2004), and is upregulated in
the rat fetus in hypoxic conditions (Kanno et al. 1992; Huang
et al. 2004). SOD3 promotes the expression of erythropoietin
(EPO) in the kidney, which in turn increases red blood cell
production. Moreover, SOD3 knockout mice show a lagging
hematopoietic response to hypoxia (Suliman et al. 2004). We
found increased methylation of SOD3, which we expect to be
associated with decreased expression of its protein, since the
region we assessed is upstream of the SOD3 promoter. This is
in line with previous research demonstrating decreased levels
of SOD3 among high-altitude natives of India, the Ladakhi,
compared with acclimatized lowlanders (Padhy et al. 2016).

Together, our results support the hypothesis that lifelong
high-altitude exposure as well as pre/and early postnatal (de-
velopmental) exposures to high altitude are associated with
differences in DNA methylation. On an average, high-altitude
exposure resulted in hypermethylation. However, both hyper-
and hypomethylation were observed among HAQ and MQ
when compared with LAQ. Seven of the DMRs were signifi-
cant for both the HAQ/LAQ and the LAQ/MQ analyses. Two
of the overlapping DMRs were associated with the genes
CRTACT and TRIOBP linked to idiopathic pulmonary fibrosis.
This condition is characterized by irreversible fibrosis of the
lung, and known to be influenced by hypoxia in its etiology
(Tzouvelekis et al. 2007; Huang et al. 2014; Gangwar et al.
2017; Aquino-Galvez et al. 2019; Wang et al. 2019).

Previous studies have proposed that NO may be involved in
high-altitude adaptation given its role in regulating blood
pressure and oxygen delivery (Hoit et al. 2005; Beall et al.
2012). However, studies disagree on whether Andeans have
elevated (Beall et al. 2001) or decreased (Ghosh et al. 2019)
levels of NO at high altitude. Overall, studies agree that NO
levels are relevant for high-altitude adaptation, since higher
exhaled NO is associated with increased blood vessel diameter
and elevated blood flow (Hoit et al. 2005). We found 40
DMPs and six DMRs significantly associated with FeNO among
Peruvian Quechua. Several significant DMRs including LOXL3,
P4HAT, and RUNXT, have been associated with angiogenesis
(Gilkes et al. 2013; Xie et al. 2017) and hematopoiesis (North
et al. 2002; Growney et al. 2005; Friedman 2009), both of
which are known to be regulated by NO (Michurina et al.
2004).

It is well known that local genetic variation (Zhang et al.
2010; Bell et al. 2011), as well as variation in one-carbon
metabolism SNPs (Childebayeva et al. 2019) can effect DNA
methylation. This is the first study to demonstrate that local
variation in the EPAST gene at two SNPs, 52044456 and
rs7579899, is associated with EPAST methylation. Neither
SNP's MAF was significantly different between the three study
groups. Therefore, differences in allele frequencies between
the groups were not driving the association. Furthermore, the
SNPs were not enriched in Andeans compared with 1000
Genomes Populations, and they were not in LD with the cod-
ing region SNP previously identified as under early-stage se-
lection in Andean Collas (Eichstaedt et al. 2017). Together,
this indicates that they are not under selection in Andeans and
not linked to variation that has been shown to be under se-
lection. Our finding suggests that genetic variation can influ-
ence nearby DNA methylation regions, highlighting the
importance of underlying genetic variation in determining
DNA methylation levels and emphasizing the need to consider
this variation when comparing DNA methylation signatures
within and between populations. However, the mechanism
by which local variation can influence DNA methylation
remains unclear.
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We found that accelerated ADNAMAge was associated
with being born at high altitude and potentially with lifetime
high-altitude exposure. Life history theory predicts that organ-
isms will prioritize faster growth and earlier reproduction
when environmental conditions during the critical early period
of development signal adversity. When this same period of
development signals few indicators of adversity, life history
theory predicts a “slow” life history strategy wherein slower
growth and later reproduction are prioritized. Species with
faster life histories exhibit a faster epigenetic clock (Lowe
et al. 2018). Therefore, accelerated epigenetic aging may be
a mechanism through which a “fast” life history strategy pro-
ceeds. In fact, accelerated epigenetic aging has been associ-
ated with increased stress in early life as well as with
phenotypic outcomes including increased height for age, el-
evated diurnal cortisol, among others (Zannas et al. 2015;
Davis et al. 2017; Suarez et al. 2018). We have found that
epigenetic age is accelerated at high altitude, thus supporting
the hypothesis that hypoxia places a strain on the cellular
machinery, which is a known phenomenon (Semenza 2011).

Our study benefited from a migrant study design. An im-
portant feature of this design was that all of the study partic-
ipants’ parents and grandparents were born and raised at
high altitude. This held environmental exposure to high alti-
tude in the parental and grandparental generations constant
across all study participants. In so doing, we were able to
control for the effects of intergenerational inheritance,
wherein maternal exposures (FO) will affect the fetus (F1)
and the gonads of the fetus (F2) (Lacal and Ventura 2018).
Therefore, differences in methylation between study groups
were the result of early developmental exposures of the fetus,
and not the exposures of previous generations.

There are several limitations in our study. First, a potential
explanation for the differences in DNA methylation that we
observed here is a dose effect of high-altitude exposure given
HAQ have full high-altitude exposure, MQ have various
degrees of high-altitude exposure, and LAQ have no high-
altitude exposure. Dose effect in this case cannot be
separated from developmental programming. However, early
developmental exposure is hypothesized to have a more sig-
nificant effect on DNA methylation patterns than dose effect
as a result of DNA methylation reprogramming (Maccari et al.
2017). Our results support this hypothesis. We did not observe
significant DMPs between MQ and HAQ, and did not identify
significant DMPs when DNA methylation was tested for an
association with overall years lived at high altitude. However,
our inability to detect significant differences between MQ and
HAQ as well as significant DMPs with years at altitude could
be the result of small sample size in the MQ group.

Second, we used DNA methylation data from whole blood,
which is composed of various cell types, each with its own
methylation landscape. Differences in methylation seen here
could be a result of differences in cell-type composition be-
tween high and low altitudes. To mitigate this effect on our

results, we controlled for blood cell type bicinformatically fol-
lowing the procedure proposed by Houseman et al. (2012).

Third, lead exposure may be associated with DNA methyl-
ation (Goodrich et al. 2016). Individuals recruited in Cerro de
Pasco had higher levels of lead exposure than individuals
recruited in Lima. This difference in toxicant exposure could
have impacted DNA methylation levels. To control for this
difference, our statistical models of differential methylation
controlled for lead exposure. Moreover, differences in SES,
prenatal health, psychosocial, or other physical exposures
not collected as part of the study could be associated with
DNA methylation patterns identified between the groups. It is
also important to note that in some cases, such as with SOD3,
we observed a very small difference in DNA methylation be-
tween the groups <2%. Small effect size differences are com-
mon in epigenetic studies, and can still be important given %
methylation difference refers to the number of cells in the
sample that have a different methylation status (methylated
vs. unmethylated) at a specific CpG (Breton et al. 2017).

Fourth, we did not recruit a fourth developmental group to
our migrant design study, that is, Peruvian Quechua individ-
uals born at low altitude who moved to high altitude, since it
is rare for Peruvians from generally more urban low-altitude
locations to move to high-altitude locations that tend to be
more rural. Data from the fourth developmental group could
help characterize epigenetic differences between altitude ex-
posure groups. Similarly, we did not characterize DNA meth-
ylation in a low-altitude Indigenous American population.
Therefore, we were unable to compare LAQ with a low-
altitude population with similar genetic ancestry to under-
stand if LAQ exhibit uniqgue DNA methylation patterns.

Finally, it is important to stress that the DNA methylation
differences that we identified may be adaptive, maladaptive,
or neutral. A more detailed exploration of DNA methylation
differences together with RNA, protein, as well as phenotypic
data will allow us to understand whether DNA methylation
differences do in fact lead to changes in gene expression that
affect altitude-adaptive phenotypes.

Conclusions

Andean high-altitude adaptation has been hypothesized to
involve both genetic and epigenetic factors (Frisancho 2009;
Julian 2017). We performed an EWAS on 113 individuals of
Peruvian Quechua ancestry who were recruited using a mi-
grant study design allowing us to separate the effects of de-
velopmental altitude exposure from lifetime altitude
exposure. We identified DMPs and DMRs associated with
birth and early development at high altitude, including genes
involved in glycolysis (LDHC), blood pressure (EPHA6, GRP35),
red blood cell production (PKLR, MEIST), HIF pathway (SOD3),
and skeletal muscle growth (PAX7). Moreover, we found
DMPs and DMRs associated with FeNO. We performed sep-
arate genome-wide association studies between genome-
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wide polymorphism data and DNA methylation levels of
EPAST and SOD3. We found that local genetic variation
was significantly associated with DNA methylation levels for
EPAST and approaching significance for SOD3, in some cases
greater than the exposure of interest. Lastly, we found that
individuals born at high altitude age faster compared with
individuals born at low altitude suggesting that hypoxia influ-
ences cellular machinery at large.

Materials and Methods
Study Population

Our analysis included individuals from three high-altitude ex-
posure groups: 1) high-altitude Quechua (HAQ), migrant
Quechua (MQ), and low-altitude Quechua (LAQ) (fig. 1A
and B). Participants were unrelated, healthy, nonpregnant/
lactating, nonsmokers, between 18 and 35 years old (table 1).
All participants were of self-reported Quechua ancestry.
Participants provided last names and birth locations for their
parents and grandparents as another way to ascertain ances-
try. At the time of enrollment, Hb, height, weight, BMI, and
phenotypes associated with high-altitude adaptation, includ-
ing forced vital capacity (FVC), FeNO, SaO,, and others were
collected. Hb level was measured using a HemoCue Hb201-+
analyzer (Angelholm Sweden). SaO, was measured using a
pulse oximeter. In LAQ and MQ participants, SaO, was taken
under simulated hypoxic conditions. FeNO was measured us-
ing a portable, hand-held nitric oxide analyzer, the NIOX
MINO (AerocrineAB, Solna, Sweden). FVC was measured
with a Vacumed Dry Seal Rolling Spirometer using disposable
mouth pieces. The best of three expirations was selected for
analysis. All study participants were screened for anemia using
altitude specific cutoffs. Given that lead exposure has been
shown to associate with DNA methylation (Wright et al. 2010;
Senut et al. 2012, 2014), we measured WBLLs in a subset of
participants using graphite furnace atomic absorption
spectrometry.

At the time of enrollment, all study participants provided
written informed consent approved by Syracuse University,
Universidad Peruana Cayetano Heredia, and The University
of Michigan Institutional Review Boards.

DNA Methylation Analyses

We generated DNA methylation data for ~850,000 CpG sites
using the lllumina Infinium MethylationEPIC BeadChip assay
for 116 Quechua individuals between the ages of 18 and
35 years. These 116 DNA samples were randomly selected
from a larger cohort of Peruvian Quechua participants
(Brutsaert et al. 2019; Childebayeva et al. 2019) who were
recruited using a migrant study design. We analyzed a total of
113 samples for genome-wide DNA methylation signatures
using the lllumina Infinium MethylationEPIC (EPIC) BeadChip.
We used the EZ-96 DNA Methylation Kit (Zymo Research,

Irvine, CA) to bisulfite convert each DNA sample following
the standard protocol with alternative incubation conditions
optimized for the Illlumina Infinium MethylationEPIC
BeadChip assay. Raw data were loaded into R in the form
of idat files using the minfi package (version 1.20.0) (Aryee
et al. 2014). QC was performed using minfi and ENmix to
assess the quality of the bisulfite conversion and probe hybrid-
ization for each sample. In minfi, we plotted log2 unmethy-
lated median intensities over log2 methylated median
intensities, compared predicted sex based on X and Y meth-
ylation to recorded sample sex, and generated density bean
plots of beta values. We also visualized methylated and unme-
thylated intensities of control probes using ENmix. Based on
QC metrics, three HAQ samples were excluded from the anal-
ysis (supplementary fig. 2, Supplementary Material online).
Two of the samples, self-reported as males, clustered with
females, and the third sample was an outlier based on the
PCA analysis of DNA methylation (supplementary fig. 2,
Supplementary Material online). To check for potential sample
mix-up, we extracted CpG sites that are SNPs using the
MethylToSNP R package (LaBarre et al. 2019). The R package
extracts CpG sites that are present in three discrete levels of
methylation: fully methylated, fully unmethylated, and ~50%
methylation, which correspond to genotypes CC, TT, and CT.
We then found an overlap between these CpG sites and SNPs
present on the Affymetrix array. We compared five random
sites between SNPs called using DNA methylation, and the
Affymetrix gene chip array, and found perfect consistency.
We consider this as proof that there was no sample mix-up
during the analysis.

Al statistical analyses were performed on 113 samples
with reliable DNA methylation data.

Sample Preprocessing and Normalization

Data preprocessing and normalization are crucial steps in the
array analysis. Background correction, dye-bias adjustment,
and within-array normalization are commonly performed to
adjust for technical variation in the sample (Marabita et al.
2013). We performed probe correction and normalization us-
ing preprocessQuantile followed by ChampBMIQ. Probes that
were above the 0.00001 detection P value threshold in more
than 5% of the samples, that is, failed to hybridize, were
excluded from the analysis. Cross-reactive probes, probes as-
sociated with sex chromosomes, probes containing SNPs with
MAF >5% at target CpG sites, single base extension sites of
type | probes (n=414), and in the body of the probe were
removed (Chen et al. 2013; Pidsley et al. 2016). Probes con-
taining SNPs were removed given that methylation levels
detected by these probes can reflect the underlying genetic
polymorphisms that could be misinterpreted as true signals
(Chen et al. 2013). Samples were tested for batch effects
using singular value decomposition (SVD) analysis in champ.
SVD performed on n=759,154 beta values. Pool_ID was
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determined to play a significant role on the variation of the
genome-wide DNA methylation data based on the output
from SVD, and corrected for in the linear modeling (supple-
mentary fig. 3, Supplementary Material online).

Blood Cell-Type Heterogeneity Correction

DNA methylation is tissue and cell-type specific. Therefore, it is
crucial to correct for cell-type composition, since cell-type var-
iation can be correlated with phenotype. Blood is composed
of seven to eight cell types: neutrophils, eosinophils, baso-
phils, CD14+ monocytes, CD4+4+ T cells, CD8+T cells,
CD19+ B cells, and CD56+ natural killer cells (Houseman
et al. 2012; Teschendorff and Zheng 2017). Thus, we esti-
mated cell counts in blood computationally using minfi fol-
lowing the method by Houseman et al. (2012). Houseman's is
a reference-based method that is based on an a priori defined
DNA methylation reference for the cell types present in blood
(Houseman et al. 2012). We performed a PCA on whole-
blood cell counts, and chose only to include the
epigenome-wide PC1 that was the most significant contribu-
tor to the blood-type variation to correct for differential meth-
ylation associated with cell-type heterogeneity in blood
(supplementary fig. 4, Supplementary Material online). A lin-
ear regression analysis between PC1 from blood-cell types
and hemoglobin levels was not significant (P value =0.16)
indicating that a change in hemoglobin at high altitude is
not significantly associated with the composition of the
DNA containing cells.

Differential Methylation Analysis

Fully processed M values were tested for differential methyl-
ation using the package limma functions ImFit and eBayes
(Ritchie et al. 2015). The following model was used to test
for the DMPs: DNA methylation ~ Group + Sex + Age + Lead
levels+ PC1 (blood cell types)+ chip batch. In this analysis,
LAQ was coded as the reference group, and LAQ methylation
was compared with MQ and with HAQ. We then reran this
model with HAQ as the reference group in order to mimic the
ANOVA with post hoc test in the regression framework. Using
linear modeling allowed us to control for covariates in the
differential methylation testing. The covariates to include in
the model were determined based on the analysis of overall
variation in DNA methylation based on singular value decom-
position (SVD) analysis (supplementary fig. 3, Supplementary
Material online). The resulting P values were adjusted for mul-
tiple testing using the false-discovery rate (FDR) following the
Benjamini—-Hochberg procedure (Hochberg and Benjamini
1990). DMPs were annotated with the R package
[lluminaHumanMethylationEPICanno.ilm10b3.hg19 (Hansen
2017). We performed the association between DMPs and
phenotypes for all samples combined. These models were
corrected for group. The following model was used: DNA

methylaton ~  Phenotype + Group + Sex + Age + Lead
levels + PC1 (blood cell types) + chip batch. We tested height
and weight as covariates, however, they were not significantly
associated with genome-wide DNA methylation and were
excluded them from the final model analysis.

Comb-p was used on the results of the limma analysis to
test for DMRs (Pedersen et al. 2012). DMRs were defined as
genomic regions with three or more CpG sites significant at
unadjusted P value <0.05 within 3,000 bp of each other. All
CpG sites with unadjusted P value <0.05 were used in this
analysis. DMRs were annotated with the R package
[lluminaHumanMethylationEPICanno.ilm10b3.hg19 (Hansen
2017). This annotation was used to determine whether a
DMR was located in a CpG island. Sidak correction for mul-
tiple tests was performed as the default correction in comb-p
(Pedersen et al. 2012).

Pyrosequencing

Quantitative pyrosequencing was performed to assess DNA
methylation levels of SOD3 in n =603 samples. EPAST meth-
ylation was available from Childebayeva et al. (2019). The
following primer sequences were used to amplify the region
of interest: SOD3 forward primer sequence: 5-[biotin]-
TTGTGTGTTGAAGGTTATTGGTTATAAG-3;; SOD3  reverse
primer sequence: 5-CCTCCTCTACCCCTCCCATITIT-3;
SOD3 sequencing primer: 5-ACCCCTCCCATTTTTA-3. We
assessed the DNA methylation levels at four CpG sites in
SOD3 using the Pyromark Q96 pyrosequencer (Qiagen,
Valencia, CA), for more details, see Virani et al. (2012). Of
the 603 samples analyzed using pyrosequencing, 104 either
failed pyrosequencing or had high coefficient of variance
(CV > 10) between duplicates and were excluded from the
statistical analyses for SOD3.

Epigenetic Age

We estimated epigenetic age using the method developed by
Horvath (2013). Our analysis included 336 out of the 353
CpG sites originally included by Horvath. Seventeen loci
were not included on the lllumina MethylationEPIC array
and therefore were unable to be included in our analysis.
We used linear models to determine if epigenetic age
(ADNAmAge, where ADNAmMAge =Horvath Epigenetic
Age — Chronological Age) was associated with high altitude.
All models were adjusted for chronological age, sex, first
blood cell-type principal component, and batch.

Microarray Genotyping

We generated microarray genotype data for all Andean
Quechua participants using the Affymetrix (Santa Clara, CA)
Axoim Biobanking array that features ~610,000 markers in-
cluding haplotype tagging SNPs, exonic SNPs, and eQTL var-
iants. We performed statistical analyses on autosomal variants
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that passed Affy best practices, had call rates >95%, and
minor allele frequency >0.01 (n=260,289). Genome-wide
association studies were performed on % methylation of
EPAST and SOD3 in PLINK with sex and age as covariates,
guantile—quantile plots, and Manhattan plots were made us-
ing ggman package in R (Turner 2018). We performed the
Benjamini—Hochberg correction for multiple tests, and the
genome-wide inflation factor lambda was calculated as
median(chisg)/gchisq (0.5,1). A PCA was performed on
genome-wide SNP data for the participants in this study to-
gether with three populations from 1,000 genomes (90 East
Asians including 45 Han Chinese from Beijing and 45
Japanese from Tokyo, 60 Centre de Polymorphism Human
[CEPH] Europeans, and 60 Yorubans from Ibadan, Nigeria)
(supplementary figures 1A-C as in Childebayeva et al.
[2019)).

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.

Acknowledgments

First and foremost, we would like to thank the study partic-
ipants from Lima and Cerro de Pasco, Peru. We are also
thankful to Dr Sudipta Ghosh (NEHU University, Shillong,
India), Obed Garcia (University of Michigan), Nate Bartman,
Jason Howard, Jacqueline Imse, and Kevin Heffernan
(Syracuse University), Mark Olfert (University of West
Virginia), and Francisco Villafuerte (Universidad Peruana
Cayetano Heredia). We are grateful to physicians Cesar De
Albertis, Laura Mori, Josseline Honorio, and Alejandro
Zamudio for the help with participant recruitment. We also
would like to thank Dr Jennifer Smith (University of Michigan)
for assistance with statistical analysis. This work was sup-
ported by the National Science Foundation (Grant Nos. BCS-
1132310 to T.D.B,, F.L., and AW.B. and BCS-1613415 to
A.C. and AW.B.), the Wenner-Gren Foundation
(Dissertation Fieldwork Grant to A.C.), The University of
Michigan (AW.B. and A.C.), and the Michigan Lifestage
Environmental Exposures and Disease (M-LEEaD) National
Institute of Environmental Health Sciences Core Center (P30
ES017885 to D.C.D.). A.C. was supported by a Baldwin
Fellowship from The Leakey Foundation.

Data Availability

The data that support the findings of this study are available
from the corresponding author, A.C., upon request. The DNA
methylation data is available in the Gene Expression Omnibus
(GEO) under the accession number GSE162606.

Literature Cited

Alkorta-Aranburu G, et al. 2012. The genetic architecture of adaptations
to high altitude in Ethiopia. PLoS Genet. 8(12):e1003110.

Aquino-Galvez A, et al. 2019. Dysregulated expression of hypoxia-
inducible factors augments myofibroblasts differentiation in idiopathic
pulmonary fibrosis. Respir Res. 20(1):130.

Aryee MJ, et al. 2014. Minfi: a flexible and comprehensive Bioconductor
package for the analysis of infinium DNA methylation microarrays.
Bioinformatics 30(10):1363-1369.

Baker PT, Little MA. 1976. Man in the Andes: multidisciplinary study of
high-altitude Quechua. Stroudsburg (PA): Dowden Exclusive
Distributor, Halsted Press.

Beall CM, et al. 2001. Pulmonary nitric oxide in mountain dwellers. Nature
414(6862):411-412.

Beall CM, et al. 2010. Natural selection on EPAS1 (HIF2alpha) associated
with low hemoglobin concentration in Tibetan highlanders. Proc Natl
Acad Sci U S A. 107(25):11459-11464.

Beall CM, Laskowski D, Erzurum SC. 2012. Nitric oxide in adaptation to
altitude. Free Radic Biol Med. 52(7):1123-1134.

Bell JT, et al. 2011. DNA methylation patterns associate with genetic and
gene expression variation in HapMap cell lines. Genome Biol.
12(1):R10.

Benita Y, et al. 2009. An integrative genomics approach identifies hypoxia
inducible factor-1 (HIF-1)-target genes that form the core response to
hypoxia. Nucleic Acids Res. 37(14):4587-4602.

Bigham A, et al. 2010. Identifying signatures of natural selection in Tibetan
and Andean populations using dense genome scan data. PLoS Genet.
6(9):e1001116.

Bigham AW, et al. 2008. Angiotensin-converting enzyme genotype and
arterial oxygen saturation at high altitude in Peruvian Quechua. High
Alt Med Biol. 9(2):167-178.

Bigham AW, et al. 2014. Maternal PRKAA1 and EDNRA genotypes are
associated with birth weight, and PRKAA1 with uterine artery diam-
eter and metabolic homeostasis at high altitude. Physiol Genomics.
46(18):687-697.

Bigham AW, Lee FS. 2014. Human high-altitude adaptation: forward ge-
netics meets the HIF pathway. Genes Dev. 28(20):2189-2204.

Blaise S, et al. 2005. Mild neonatal hypoxia exacerbates the effects of
vitamin-deficient diet on homocysteine metabolism in rats. Pediatr
Res. 57(6):777-782.

Breton CV, et al. 2017. Small-magnitude effect sizes in epigenetic end
points are important in children’s environmental health studies: the
children’s environmental health and disease prevention research cen-
ter's epigenetics working group. Environ Health Perspect.
125(4):511-526.

Brutsaert TD. 2001. Genetic and environmental adaptation in high altitude
natives. Conceptual, methodological, and statistical concerns. Adv Exp
Med Biol. 502:133-151.

Brutsaert TD, Araoz M, Soria R, Spielvogel H, Haas JD. 2000. Higher arterial
oxygen saturation during submaximal exercise in Bolivian Aymara
compared to European sojourners and Europeans born and raised at
high altitude. Am J Phys Anthropol. 113(2):169-181.

Brutsaert TD, et al. 2019. Association of EGLN1 gene with high
aerobic capacity of Peruvian Quechua at high altitude. Proc Natl
Acad Sci U S A. 116(48):24006-24011.

Brutsaert TD, Soria R, Caceres E, Spielvogel H, Haas JD. 1999. Effect of
developmental and ancestral high altitude exposure on chest morphol-
ogy and pulmonary function in Andean and European/North
American natives. Am J Hum Biol. 11(3):383-395.

Chen YA, et al. 2013. Discovery of cross-reactive probes and polymorphic
CpGs in the lllumina infinium humanmethylation450 microarray.
Epigenetics 8(2):203-209.

Childebayeva A, et al. 2019. LINE-1 and EPAS1 DNA methylation associ-
ations with high-altitude exposure. Epigenetics 14(1):1-15.

Genome Biol. Evol. 13(2) doi:10.1093/gbe/evaa239 Advance Access publication 13 November 2020 13



Childebayeva et al.

GBE

Conklin L, et al. 2008. Exposiciones a metales pesados en ninos y mujeres
en edad fértil en tres comunidades mineras Cerro de Pasco. Peru:
CDC.

Davis EG, et al. 2017. Accelerated DNA methylation age in adolescent
girls: associations with elevated diurnal cortisol and reduced hippo-
campal volume. Transl Psychiatry. 7(8):e1223.

Deng J, et al. 2009. Targeted bisulfite sequencing reveals changes in DNA
methylation associated with nuclear reprogramming. Nat Biotechnol.
27(4):353-360.

Divorty N, Milligan G, Graham D, Nicklin SA. 2018. The orphan receptor
GPR35 contributes to angiotensin ll-induced hypertension and cardiac
dysfunction in mice. Am J Hypertens. 31(9):1049-1058.

Dolinoy DC, Huang D, Jirtle RL. 2007. Maternal nutrient supplementation
counteracts bisphenol a-induced DNA hypomethylation in early devel-
opment. Proc Natl Acad Sci U S A. 104(32):13056-13061.

Dolinoy DC, Weidman JR, Jirtle RL. 2007. Epigenetic gene regulation:
linking early developmental environment to adult disease. Reprod
Toxicol. 23(3):297-307.

Eichstaedt CA, et al. 2017. Evidence of early-stage selection on EPAS1 and
GPR126 genes in Andean high altitude populations. Sci Rep.
7(1):13042.

Foll M, Gaggiotti OE, Daub JT, Vatsiou A, Excoffier L. 2014. Widespread
signals of convergent adaptation to high altitude in Asia and America.
Am J Hum Genet. 95(4):394-407.

Friedman AD. 2009. Cell cycle and developmental control of hematopoi-
esis by RUNX1. J Cell Physiol. 219(3):520-524.

Frisancho AR. 1970. Developmental responses to high altitude hypoxia.
Am J Phys Anthropol. 32(3):401-407.

Frisancho AR. 1977. Developmental adaptation to high altitude hypoxia.
Int J Biometeorol. 21(2):135-146.

Frisancho AR. 2009. Developmental adaptation: where we go from here.
Am J Hum Biol. 21(5):694-703.

Frisancho AR, et al. 1997. Developmental, genetic, and environmental
components of lung volumes at high altitude. Am J Hum Biol.
9(2):191-203.

Frisancho AR, Martinez C, Velasquez T, Sanchez J, Montoye H. 1973.
Influence of developmental adaptation on aerobic capacity at high
altitude. J Appl Physiol. 34(2):176-180.

Gangwar |, et al. 2017. Detecting the molecular system signatures of
idiopathic pulmonary fibrosis through integrated genomic analysis.
Sci Rep. 7(1):1554.

Ge RL, et al. 2012. Metabolic insight into mechanisms of high-
altitude adaptation in Tibetans. Mol Genet Metab. 106(2):
244-247.

Gelfi C, et al. 2004. New aspects of altitude adaptation in Tibetans: a
proteomic approach. FASEB J. 18(3):612-614.

Ghosh S, et al. 2019. Exhaled nitric oxide in ethnically diverse high-altitude
native populations: a comparative study. Am J Phys Anthropol.
170(3):451-458.

Gilkes DM, Bajpai S, Chaturvedi P, Wirtz D, Semenza GL. 2013.
Hypoxia-inducible factor 1 (HIF-1) promotes extracellular matrix
remodeling under hypoxic conditions by inducing PAHA1, P4AHA2,
and PLOD2 expression in fibroblasts. J Biol Chem.
288(15):10819-10829.

Gilkes DM, Semenza GL. 2013. Role of hypoxia-inducible factors in breast
cancer metastasis. Future Oncol. 9(11):1623-1636.

Gluckman PD, Hanson MA. 2004. Maternal constraint of fetal growth and
its consequences. Semin Fetal Neonatal Med. 9(5):419-425.

Goldberg E, Eddy EM, Duan C, Odet F. 2010. LDHC: the ultimate testis-
specific gene. J Androl. 31(1):86-94.

Goodrich JM, et al. 2016. Adolescent epigenetic profiles and environmen-
tal exposures from early life through peri-adolescence. Environ
Epigenet. 2(3):dvw018.

Growney JD, et al. 2005. Loss of RUNX1 perturbs adult hematopoiesis and
is associated with a myeloproliferative  phenotype. Blood
106(2):494-504.

Hansen AJ. 2017. llluminahumanmethylationepicanno.llm10b3.Hg19: an-
notation for lllumina’s epic methylation arrays. R package version
0.6.0.

Heijmans BT, et al. 2008. Persistent epigenetic differences associated with
prenatal exposure to famine in humans. Proc Natl Acad Sci U S A.
105(44):17046-17049.

Hochberg Y, Benjamini Y. 1990. More powerful procedures for multiple
significance testing. Stat Med. 9(7):811-818.

Hoit BD, et al. 2005. Nitric oxide and cardiopulmonary hemodynamics in
Tibetan highlanders. J Appl Physiol. 99(5):1796-1801.

Hoppeler H, Vogt M. 2001. Muscle tissue adaptations to hypoxia. J Exp
Biol. 204(Pt 18):3133-3139.

Horvath S. 2013. DNA methylation age of human tissues and cell types.
Genome Biol. 14(10):R115.

Houseman EA, et al. 2012. DNA methylation arrays as surrogate measures
of cell mixture distribution. BMC Bioinformatics 13(1):86.

Huang SK, Scruggs AM, McEachin RC, White ES, Peters-Golden M. 2014.
Lung fibroblasts from patients with idiopathic pulmonary fibrosis ex-
hibit genome-wide differences in DNA methylation compared to fibro-
blasts from nonfibrotic lung. PLoS One 9(9):e107055.

Huang ST, et al. 2004. Developmental response to hypoxia. FASEB J.
18(12):1348-1365.

Jablonka E. 2013. Epigenetic inheritance and plasticity: the responsive
germline. Prog Biophys Mol Biol. 111(2-3):99-107.

Jablonka E, Lamb MJ. 2006. The changing concept of epigenetics. Ann N
Y Acad Sci. 981(1):82-96.

Jablonka E, Raz G. 2009. Transgenerational epigenetic inheritance: prev-
alence, mechanisms, and implications for the study of heredity and
evolution. Q Rev Biol. 84(2):131-176.

Julian CG. 2017. Epigenomics and human adaptation to high altitude. J
Appl Physiol. 123(5):1362-1370.

Julian CG, et al. 2015. Unique DNA methylation patterns in offspring of
hypertensive pregnancy. Clin Transl Sci. 8(6):740-745.

Kanno H, Fujii H, Hirono A, Omine M, Miwa S. 1992. Identical point
mutations of the R-type Pyruvate Kinase (PK) cDNA found in unrelated
PK variants associated with hereditary hemolytic anemia. Blood
79(5):1347-1350.

Kim M, et al. 2017. EPHA6 rs4857055 C > T polymorphism associates
with hypertension through triglyceride and LDL particle size in the
Korean population. Lipids Health Dis. 16(1):230.

Kiyamu M, Elias G, Ledn-Velarde F, Rivera-Chira M, Brutsaert TD. 2015.
Aerobic capacity of Peruvian Quechua: a test of the developmental
adaptation hypothesis. Am J Phys Anthropol. 156(3):363-373.

Kiyamu M, et al. 2012. Developmental and genetic components explain
enhanced pulmonary volumes of female Peruvian Quechua. Am J Phys
Anthropol. 148(4):534-542.

Kiyamu M, Ledn-Velarde F, Rivera-Chira M, Elias G, Brutsaert TD. 2015.
Developmental effects determine submaximal arterial oxygen satura-
tion in Peruvian Quechua. High Alt Med Biol. 16(2):138-146.

Kocabas F, et al. 2012. Meis1 regulates the metabolic phenotype and
oxidant  defense of hematopoietic stem cells.  Blood
120(25):4963-4972.

Kubota T, Miyake K, Hariya N, Mochizuki K. 2015. Understanding the
epigenetics of neurodevelopmental disorders and DOHaD. J Dev
Orig Health Dis. 6(2):96-104.

Kuzawa CW, Thayer ZM. 2011. Timescales of human adaptation: the role
of epigenetic processes. Epigenomics 3(2):221-234.

LaBarre BA, et al. 2019. MethylToSNP: identifying SNPs in lllumina DNA
methylation array data. Epigenetics Chromatin. 12(1):79.

14 Genome Biol. Evol. 13(2) doi:10.1093/gbe/evaa239 Advance Access publication 13 November 2020



Adaptive Developmental Plasticity in the Andes

GBE

Lacal I, Ventura R. 2018. Epigenetic Inheritance: Concepts, Mechanisms
and Perspectives. Front Mol Neurosci. 11:292.

Lafuente E, Beldade P. 2019. Genomics of developmental plasticity in
animals. Front Genet. 10:720.

Le Cras TD, McMurtry IF. 2001. Nitric oxide production in the hypoxic lung.
Am J Physiol Lung Cell Mol Physiol. 280(4):L575-582.

Li X, et al. 2014. Quantitative profiling of the rat heart myoblast secretome
reveals differential responses to hypoxia and re-oxygenation stress. J
Proteomics. 98:138-149.

Li X, et al. 2017. Genome-wide association study of high-altitude pulmo-
nary edema in a Han Chinese population. Oncotarget
8(19):31568-31580.

Lowe R, et al. 2018. Ageing-associated DNA methylation dynamics are a
molecular readout of lifespan variation among mammalian species.
Genome Biol. 19(1):22.

Lidecke D. 2018. ggeffects: tidy data frames of marginal effects from
regression models. J Open Source Softw. 3(26):772.

Maccari S, et al. 2017. Early-life experiences and the development of adult
diseases with a focus on mental illness: the human birth theory.
Neuroscience 342:232-251.

Maccari S, Krugers HJ, Morley-Fletcher S, Szyf M, Brunton PJ. 2014. The
consequences of early-life adversity: neurobiological, behavioural and
epigenetic adaptations. J Neuroendocrinol. 26(10):707-723.

Mackenzie AE, Lappin JE, Taylor DL, Nicklin SA, Milligan G. 2011. GPR35
as a novel therapeutic target. Front Endocrinol. 2:68.

Marabita F, et al. 2013. An evaluation of analysis pipelines for DNA meth-
ylation profiling using the lllumina humanmethylation450 beadchip
platform. Epigenetics 8(3):333-346.

Messerschmidt DM, Knowles BB, Solter D. 2014. DNA methylation dy-
namics during epigenetic reprogramming in the germline and preim-
plantation embryos. Genes Dev. 28(8):812-828.

Michurina T, et al. 2004. Nitric oxide is a regulator of hematopoietic stem
cell activity. Mol Ther. 10(2):241-248.

Min KD, et al. 2010. Identification of genes related to heart failure using
global gene expression profiling of human failing myocardium.
Biochem Biophys Res Commun. 393(1):55-60.

Nagy C, Turecki G. 2012. Sensitive periods in epigenetics: bringing us
closer to complex behavioral phenotypes. Epigenomics 4(4):445-457.

Non AL, et al. 2016. DNA methylation at stress-related genes is associated
with exposure to early life institutionalization. Am J Phys Anthropol.
161(1):84-93.

North TE, et al. 2002. RUNX1 expression marks long-term repopulating
hematopoietic stem cells in the midgestation mouse embryo.
Immunity 16(5):661-672.

Odet F, Gabel S, London RE, Goldberg E, Eddy EM. 2013. Glycolysis and
mitochondrial respiration in mouse LDHC-null sperm. Biol Reprod.
88(4):95.

Padhy G, et al. 2016. Plasma Kallikrein-Bradykinin pathway promotes cir-
culatory nitric oxide metabolite availability during hypoxia. Nitric Oxide
55-56:36-44.

Pedersen BS, Schwartz DA, Yang IV, Kechris KJ. 2012. Comb-p: software
for combining, analyzing, grouping and correcting spatially correlated
p-values. Bioinformatics 28(22):2986-2988.

Pidsley R, et al. 2016. Critical evaluation of the lllumina methylationepic
beadchip microarray for whole-genome DNA methylation profiling.
Genome Biol. 17(1):208.

Relaix F, et al. 2006. Pax3 and Pax7 have distinct and overlapping functions
in adult muscle progenitor cells. J Cell Biol. 172(1):91-102.

Ritchie ME, et al. 2015. Limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res.
43(7).e47—e47.

Saxonov S, Berg P, Brutlag DL. 2006. A genome-wide analysis of CPG
dinucleotides in the human genome distinguishes two distinct classes
of promoters. Proc Natl Acad Sci U S A. 103(5):1412-1417.

Schafer BW, Czerny T, Bernasconi M, Genini M, Busslinger M. 1994.
Molecular cloning and characterization of a human PAX-7 cDNA
expressed in normal and neoplastic myocytes. Nucleic Acids Res.
22(22):4574-4582.

Semenza GL. 2011. Hypoxia. Cross talk between oxygen sensing and the
cell cycle machinery. Am J Physiol Cell Physiol. 301(3):C550-552.
Senut MC, et al. 2012. Epigenetics of early-life lead exposure and effects

on brain development. Epigenomics 4(6):665-674.

Senut MC, et al. 2014. Lead exposure disrupts global DNA methylation in
human embryonic stem cells and alters their neuronal differentiation.
Toxicol Sci. 139(1):142-161.

Simonson TS, et al. 2010. Genetic evidence for high-altitude adaptation in
Tibet. Science 329(5987):72-75.

Simsek T, et al. 2010. The distinct metabolic profile of hematopoietic stem
cells reflects their location in a hypoxic niche. Cell Stem Cell.
7(3):380-390.

Storz JF, Scott GR. 2019. Life ascending: mechanism and process in phys-
iological adaptation to high-altitude hypoxia. Annu Rev Ecol Evol Syst.
50(1):503-526.

Suarez A, et al. 2018. The epigenetic clock at birth: associations with
maternal antenatal depression and child psychiatric problems. J Am
Acad Child Adolesc Psychiatry. 57(5):321-328.e322.

Suliman HB, Ali M, Piantadosi CA. 2004. Superoxide dismutase-3 pro-
motes full expression of the EPO response to hypoxia. Blood
104(1):43-50.

Szyf M, Bick J. 2013. DNA methylation: a mechanism for embedding early
life experiences in the genome. Child Dev. 84(1):49-57.

Teschendorff AE, Zheng SC. 2017. Cell-type deconvolution in epigenome-
wide association studies: a review and recommendations.
Epigenomics 9(5):757-768.

Turner SD. 2018. ggman: an R package for visualizing GWAS results using
Q-Q and manhattan plots. J Open Source Softw. 3(25):1-2.

Tzouvelekis A, et al. 2007. Comparative expression profiling in pulmonary
fibrosis suggests a role of hypoxia-inducible factor-1alpha in disease
pathogenesis. Am J Respir Crit Care Med. 176(11):1108-1119.

Unnisa Z, et al. 2012. MEIS1 preserves hematopoietic stem cells in mice by
limiting oxidative stress. Blood 120(25):4973-4981.

van Geen A, Bravo C, Gil V, Sherpa S, Jack D. 2012. Lead exposure from
soil in Peruvian mining towns: a national assessment supported by two
contrasting examples. Bull World Health Organ. 90(12):878-886.

Virani S, et al. 2012. Delivery type not associated with global methylation
at birth. Clin Epigenet. 4(1):8.

Wang Z, Zhu J, Chen F, Ma L. 2019. Weighted gene coexpression network
analysis identifies key genes and pathways associated with idiopathic
pulmonary fibrosis. Med Sci Monit. 25:4285-4304.

Waterland RA, Michels KB. 2007. Epigenetic epidemiology of the devel-
opmental origins hypothesis. Annu Rev Nutr. 27(1):363-388.

Weaver IC, et al. 2004. Epigenetic programming by maternal behavior.
Nat Neurosci. 7(8):847-854.

Weisberg IS, et al. 2003. Investigations of a common genetic variant in
betaine-homocysteine methyltransferase (BHMT) in coronary artery
disease. Atherosclerosis 167(2):205-214.

Wright RO, et al. 2010. Biomarkers of lead exposure and DNA methylation
within retrotransposons. Environ Health Perspect. 118(6):790-795.

Wauren T, Simonson TS, et al. 2014. Shared and unique signals of high-
altitude adaptation in geographically distinct Tibetan populations.
PLoS One 9(3):e88252.

Xie Q, et al. 2017. Hypoxia triggers angiogenesis by increasing expression
of LOX genes in 3-D culture of ASCS and ECS. Exp Cell Res.
352(1):157-163.

Xing J, et al. 2013. Genomic analysis of natural selection and phenotypic
variation in high-altitude Mongolians. PLoS Genet. 9(7):e1003634.

Yates AD, et al. 2020. Ensembl 2020. Nucleic Acids Res.
48(D1):D682-D688.

Genome Biol. Evol. 13(2) doi:10.1093/gbe/evaa239 Advance Access publication 13 November 2020 15



Childebayeva et al.

GBE

Yi X, et al. 2010. Sequencing of 50 human exomes reveals adaptation to
high altitude. Science 329(5987):75-78.

Zannas AS, et al. 2015. Lifetime stress accelerates epigenetic aging in an
urban, African American cohort: relevance of glucocorticoid signaling.
Genome Biol. 16(1):266.

Zelko IN, Mariani TJ, Folz RJ. 2002. Superoxide dismutase multigene family:
a comparison of the CuZn-SOD (SOD1), Mn-SOD (SOD2), and EC-SOD

(SOD3) gene structures, evolution, and expression. Free Radic Biol
Med. 33(3):337-349.

Zhang D, et al. 2010. Genetic control of individual differences in gene-
specific methylation in  human brain. Am J Hum Genet.
86(3):411-419.

Associate editor: Andrea Betancourt

16 Genome Biol. Evol. 13(2) doi:10.1093/gbe/evaa239 Advance Access publication 13 November 2020





